Abstract: Developing low-carbon agriculture requires investigating the trajectory, decoupling statuses, and driving forces of agricultural carbon emissions. This study explored the evolution of agricultural carbon emissions based on 18 kinds of major carbon emission sources in Henan Province of China, which produces approximately one-tenth of China's total grain output. We then analyzed the relationship between carbon emissions and economic growth using the decoupling elasticity model, and identified the factors driving the decoupling status. This analysis was done with a decoupling elasticity model, using the Logarithmic Mean Divisia Index technique. There were three key results: (1) Agricultural carbon emissions totaled 16.61 million tons in 1999, and increased by 7.99% to 17.93 million tons in 2014, with an average growth rate of approximately 0.65%; (2) The decoupling relationship between agricultural carbon emissions and economic output was dominated by weak decoupling during the study period; (3) Agricultural labor productivity was the leading contributor to changes in agricultural carbon emissions, followed by farming-animal husbandry carbon intensity, labor, and agricultural structure.
Introduction
The leading cause of global climate change is increases in CO 2 , CH 4 , N 2 O, and other greenhouse gases [1] . In agricultural production, large amounts of greenhouse gases (GHG) are caused by unsustainable exploitation, such as improper land use and chemical fertilizers. These affect climate change [2] . Agriculture is also a major source of GHGs, mostly comprised of CO 2 , N 2 O, and CH 4 [3] . Rapid agricultural development has become an important factor contributing to climate change and global warming. GHG emissions from the agricultural ecosystem account for 7-20% of the world's total [4] . CO 2 , CH 4 , and N 2 O emissions from agricultural sources account for 21-25%, 57%, and 65-80%, respectively, of total anthropogenic GHG emissions [5] . China is focused on reducing carbon emissions [6] [7] [8] , as it has overtaken the United States (USA) as the largest GHG-emitting country. Carbon emissions generated by China's agricultural production activities account for 17% of total emissions [9] .
Therefore, agricultural production can be viewed as double-edged, and the potential impact of low carbon technology in agriculture cannot be ignored [10] . Many researchers have studied agricultural carbon emissions. For example, Johnson calculated natural and agriculturally-related carbon emissions in 2007 [11] . The paper summarized the composition of carbon emissions, proposing that agricultural practices may be grouped into primary, secondary, and tertiary sources [12] . Adopting recommended management practices (RMPs) for agriculture involves off-farm or external inputs that reflect carbon (C)-based operations and products [13, 14] . There have also been agricultural carbon emissions research projects that address the agricultural operating model and agricultural 
Methodologies and Data Definitions

Measurement of Carbon Emission
To estimate CO 2 emissions caused by farmers engaged in agricultural production activities, three types of greenhouse gases are examined in this paper: CO 2 , CH 4 , and N 2 O [3] . Academics generally believe that agricultural carbon emissions mainly come from the following sources: carbon emissions caused by agricultural material inputs; agricultural land use energy consumption, land tilling, agricultural waste treatment, and other aspects involving carbon emissions [46] ; CH 4 and other greenhouse gas emissions generated from rice growth [11, 47] ; N 2 O emissions due to soil surface damage [48] ; and livestock breeding emissions, including CH4 emissions from enteric fermentation and CH 4 and N 2 O emissions triggered by manure management [11, 15, 49] . The Henan province is in the Zhongyuan zone, where the crops are mostly wheat. As such, we consider all three sources of carbon emissions, except the CH 4 and other GHG emissions generated by rice growth.
According to research on carbon emission equations [8, [50] [51] [52] [53] [54] and the method proposed by the Intergovernmental Panel on Climate Change (IPCC) guidelines [55] , we built and constructed a agricultural carbon emissions formula, as follows [56] [57] [58] :
In this equation, C represents the total agricultural carbon emissions in Henan province (CO 2 equivalent); C i represents the total carbon emissions of different types of carbon sources (t standard carbon); i represents the types of carbon sources; i = 1 represents the carbon emissions from agricultural material input; i = 2 represents the carbon emissions from the soil surface; i = 3 represents the carbon emissions from livestock farming; j represents the types of greenhouse gases; j = 1 represents the CO 2 ; j = 2 represents the CH 4 ; and j = 3 represents the N 2 O. To facilitate the analysis, we replaced N 2 O and CH 4 with standard CO 2 in the final calculation; N j represents Sustainability 2017, 9, 2295 4 of 14 the conversion coefficients between the jth greenhouse gas and standard carbon. The conversion coefficients of N 2 O and CH 4 are 81.2727 and 6.8182, respectively [4] .
Carbon Emissions from Agricultural Material Input
The carbon emission sources from agricultural material inputs include fertilizers, pesticides, plastic sheeting, diesel oil, and irrigation. Table 1 shows the carbon emission coefficients of agricultural material inputs [4, 59] . The calculation of carbon emissions is expressed as follows:
In this expression, F 11 represents the carbon emissions from agricultural material inputs; m represents different kinds of agricultural materials; I m represents the use of agricultural material inputs (t or million hm 2 ); and i m represents the carbon emission coefficients of agricultural materials. Table 2 shows the nitrous oxide (N 2 O) emission coefficient associated with the soil surface from all varieties of crops, including paddy rice, winter wheat, soybeans, corn, vegetables, and other dryland crops [15, [60] [61] [62] [63] [64] .
Carbon Emissions from Soil Surface
In the following formula, F 21 represents the N 2 O emission from the soil surface; the n represents the crop varieties; H n refers to the plantation of the crops (million hm 2 ); and h n indicates the carbon emission coefficients associated with different crops.
Carbon Emissions from Livestock Farming
Carbon emission from livestock farming is an important source of CH 4 and N 2 O. These emissions include livestock enteric fermentation and manure emissions. In Henan province, cows, horses, donkeys, mules, pigs, goats, and sheep are the main livestock breeds producing CH 4 and N 2 O. The CH 4 emissions are caused by enteric fermentation; CH 4 and N 2 O emissions are triggered by manure emissions. Table 3 shows the carbon emission coefficient associated with major livestock [4, 65] .
In this table, F 32 represents the CH 4 emissions from enteric fermentation and manure of major livestock; q represents the varieties of livestock; F 33 represents N 2 O emissions from manure;P q refers to the amount of livestock; p q1 indicates the CH 4 coefficient from enteric fermentation; p q2 indicates the CH 4 coefficient from manure; and p q3 indicates the N 2 O coefficient from manure.
Decoupling Elasticity Model
The decoupling of agricultural economic growth can be expressed as decoupling elasticity [66] . The decoupling model proposed by the Tapio model was developed based on the OECD decoupling model, which has been widely used to analyze the relationship between agricultural economic growth and carbon emissions [8, 67, 68] . The decoupling elasticity is measured using the following formula:
In this expression, D is the value of decoupling elasticity; %C is the variation in the percent of carbon emissions; %GDP is the variation in the percent of agricultural economic output; C represents the carbon emissions; ∆C indicates the variation in carbon emissions at the current time compared with the base period; and ∆GDP indicates the variation in the agricultural economic output at the current time compared with the base period. Based on the value of θ, there are eight logical possibilities: weak decoupling (the increase in the pace of carbon dioxide emissions is clearly smaller than agricultural economic output); expansive decoupling (the increase in the pace of carbon dioxide emissions is approximately equal to agricultural economic output); expansive negative decoupling (the increase in the pace of carbon dioxide emissions is clearly larger than agricultural economic output); strong negative decoupling (the agricultural economic output decreases, while the carbon dioxide emissions increase); weak negative decoupling (the decrease in the pace of the carbon dioxide emissions is clearly smaller than the agricultural economic output); recessive coupling (the decreased pace of carbon dioxide emissions is approximately equal to agricultural economic output); recessive decoupling (the decreased pace of carbon dioxide emissions is clearly larger than agricultural economic output); and strong decoupling (agricultural economic output increases, while carbon dioxide emissions decrease). Figure 1 shows these eight possibilities [69] [70] [71] [72] . (the increase in the pace of carbon dioxide emissions is clearly larger than agricultural economic output); strong negative decoupling (the agricultural economic output decreases, while the carbon dioxide emissions increase); weak negative decoupling (the decrease in the pace of the carbon dioxide emissions is clearly smaller than the agricultural economic output); recessive coupling (the decreased pace of carbon dioxide emissions is approximately equal to agricultural economic output); recessive decoupling (the decreased pace of carbon dioxide emissions is clearly larger than agricultural economic output); and strong decoupling (agricultural economic output increases, while carbon dioxide emissions decrease). Figure 1 shows these eight possibilities [69] [70] [71] [72] . 
Logarithmic Mean Divisia Index (LMDI)
In general, studies have found that the Logarithmic Mean Divisia Index (LMDI) is a preferred method for decomposition analysis, due to its theoretical foundation, adaptability, ease of use, and interpretation results. There are also other desirable properties in the context of decomposition analysis [8, [73] [74] [75] [76] . The LMDI can be expressed as an extended Kaya identity, which was first proposed by Yoichi Kaya [68] and which follows the method given by the IPCC [55] . Combined with the reality of true agricultural carbon emissions, the extended Kaya identity is as follows:
In this formula, , , , and indicate the agricultural carbon emissions (CO2 equivalent), farming-animal husbandry gross output value, agricultural gross output value, and labor in the agricultural industry in year t, respectively. = represents the farming-animal husbandry carbon intensity; = represents the agricultural structure; and = represents agricultural labor productivity. Using LMDI decomposition [15] , the expression of the contribution of each decomposition factor is as follows: 
In this formula, C t , G t , N t , and L t indicate the agricultural carbon emissions (CO 2 equivalent), farming-animal husbandry gross output value, agricultural gross output value, and labor in the agricultural industry in year t, respectively. K t = productivity. Using LMDI decomposition [15] , the expression of the contribution of each decomposition factor is as follows:
In this expression, ∆C refers to the changes in carbon emissions. These changes can be further decomposed into the following indictors: ∆C K (the effect of farming-animal husbandry carbon intensity), ∆C S (the effect of agricultural structure), ∆C T (the effect of agricultural labor productivity), and ∆C W (the labor effect). We can use the following formula to calculate the values of ∆C K , ∆C S , ∆C T , and ∆C W :
Data Source
Data for this study were collected from issues of the China Rural Statistical Yearbook [77] and Henan Statistical Yearbook [78] . The latest data were from 2015. After considering data availability and integrity, which are fundamental in a pharmaceutical quality system, we selected the data from 1999 to 2015. We used data related to agricultural material input usage, including fertilizers; pesticides; plastic sheeting; diesel oil; irrigation; crop varieties, including paddy rice, winter wheat, soybeans, corn, vegetable and other dryland crops; and livestock breeding levels for cows, horses, donkeys, mules, pigs, goats, and sheep. Agricultural economic output values that were calculated with respect to actual price cannot be compared longitudinally; as such, to facilitate longitudinal comparability, we used the price in the year 2000 as the benchmark price to compare to the added value of agricultural prices.
Result and Analysis
Temporal Characteristics of Agricultural Carbon Emission
Based on the equations above, we calculated the agricultural carbon emissions, and the temporal characteristics of agricultural carbon emissions from 1999 to 2015 in Henan province. Table 4 shows the results. Total agricultural carbon emissions were 16.6079 million tons in 1999; they then increased by 8.80%, to 18.0697 million tons in 2015. This reflects an average growth rate of approximately 0.66%. The carbon emissions reached their highest value in 2005, at 19.8227 million tons. Of the emissions, the largest contributor was carbon emissions from livestock farming, which was 9.4637 million tons in 2015. This accounted for 52.37% of all emissions. This was followed by carbon emissions from agricultural material and the soil surface, contributing 8.5815 and 0.0245 million tons, or 47.49% and 0.14% of total emissions, respectively. The total carbon emissions showed an increasing trend during the period, with positive annual growth rates in every year except 2006. Analyzing the composition of agricultural carbon emissions shows that the proportion of carbon emissions from livestock farming was highest, with an average proportion up to 61.01%. Livestock farming is the most important carbon emission source in Henan province. From 1999 to 2015, the proportion of carbon emission from agricultural material consistently decreased, from 70.15% in 1999 to 52.37% in 2015. Carbon emission from agricultural material was the second highest contributor to total emissions, with an average proportion of up to 38.86% of the total. The proportion of carbon emissions from livestock farming steadily increased, from 29.73% in 1999 to 47.49% in 2014; however, the annual growth rate fluctuated significantly. The proportion of carbon emissions generated by the soil surface was relatively small and stable; the change amplitude ranged from 0.11 to 0.14%. However, the amount of carbon emissions generated by the soil surface continued to increase at an average annual growth rate of 1.49%.
The Decoupling Elasticity Analysis
The relationship between carbon emissions and economic growth was analyzed using the carbon emissions measurement method and the Tapio model. This allowed the calculation of the agricultural carbon emission and decoupling elasticity values in Henan province. Figure 2 and Table 5 show the results of decoupling elasticity values and decoupling status. Overall, the decoupling relationship between agricultural carbon emissions and economic output was dominated by weak decoupling during the study period. This means the agricultural carbon emissions grew slowly, while economic output was relatively stable; the agricultural carbon emissions growth rate was significantly lower than the economic output growth rate. Figure 2 . The decoupling status between agricultural carbon emission and economic output in Henan province.
Decomposition Analysis of Agricultural Carbon Emissions
Using the LMDl decomposition model, we analyzed the driving factors and annual impact on the changes in agricultural carbon emissions from 1999 to 2015. Table 6 shows the results of this analysis, and presents the impacts of farming-animal husbandry carbon intensity, agricultural structure, agricultural labor productivity, and labor on agricultural carbon emissions.
A positive value indicates a positive influence on increasing carbon emissions; a negative value indicates a negative influence on decreasing carbon emissions. Table 6 shows that developing agricultural economic efficiencies is the main factor driving the growth of agricultural carbon emissions. In particular, agricultural labor productivity can greatly promote increased carbon emissions. The rapid promotion of the agricultural economy led to consistently increasing agricultural carbon emissions. During the study period, agricultural labor productivity caused cumulative carbon emissions of up to 18.6413 million tons. This demonstrated that the annual contribution was 1.1651 million tons, which was 12.8 times the cumulative increasing carbon emissions. The influence of agricultural labor productivity fluctuated significantly; however, the overall carbon emissions caused by agricultural labor productivity tended to gradually decrease. These results show that the Henan province has achieved some success in reducing carbon emissions in the agriculture industry. The decoupling status was weak decoupling in 2000-2002, 2004-2005, 2007-2010, and 2013-2015 . Strong decoupling appeared in 2006 and 2011-2012; there was a negative variation in the percent of carbon emissions. This means that the carbon emissions declined compared with 2005; there was a positive variation in the percent GDP. This means that agricultural economic output continued to grow.
A positive value indicates a positive influence on increasing carbon emissions; a negative value indicates a negative influence on decreasing carbon emissions. Table 6 shows that developing agricultural economic efficiencies is the main factor driving the growth of agricultural carbon emissions. In particular, agricultural labor productivity can greatly promote increased carbon emissions. The rapid promotion of the agricultural economy led to consistently increasing agricultural carbon emissions. During the study period, agricultural labor productivity caused cumulative carbon emissions of up to 18.6413 million tons. This demonstrated that the annual contribution was 1.1651 million tons, which was 12.8 times the cumulative increasing carbon emissions. The influence of agricultural labor productivity fluctuated significantly; however, the overall carbon emissions caused by agricultural labor productivity tended to gradually decrease. Table 6 also reveals that three other factors can decrease carbon emissions: farming-animal husbandry carbon intensity, agricultural structure, and labor. These factors dampened the overall growth of carbon emissions. Of these, farming-animal husbandry carbon intensity had the strongest inhibitive effect on carbon emissions growth. During the study period, farming-animal husbandry carbon intensity caused cumulative carbon emissions of up to −12.2525 million tons; this reflects an annual contribution of −0.7658 million tons, and is −8. In other words, if other factors remain the same, the growth in the labor factor contributed to the decline in agricultural carbon emissions at an average rate of 0.2794 million tons per year. During the period, the agricultural structure factor cumulatively cut 0.4568 million tons of carbon emissions, which had a minimal impact on reducing carbon emissions.
The agricultural labor productivity factor is likely to remain a dominant factor leading to increased agricultural carbon emissions in the short-term. Other key actions to reduce agricultural carbon emissions may include: reducing the proportion of animal husbandry; transforming the mode of agricultural production and structure; focusing on break-through technologies to save energy, conserve water, save land and fertilizers, and reduce drug use; and increasing recycling. All these approaches promote sustainable agricultural development. Finally, China should expand its leading industries and organize the production of primary agricultural products, including grain, cotton, oil, poultry, and vegetables. This would also limit livestock farming. 
Discussion
This study used Henan province as a case study to explore the temporal characteristics and driving factors of agricultural carbon emissions. We then analyzed the relationship between carbon emissions and economic output based on data from 1999 to 2015; this was done by studying decoupling elasticity with the LMDI model. The analysis results lead to the following conclusions.
The total agricultural carbon emissions increased from 16.6079 million tons in 1999 to 18.0697 million tons in 2015, which is an increase of 8.80%. Carbon emissions from livestock farming are the biggest contributor, followed by carbon emissions from agricultural material and the soil surface. The change of agricultural carbon emissions can be divided into three phases: the rapidly increasing phase (1999) (2000) (2001) (2002) (2003) (2004) (2005) ; the sharply declining phase (2005) (2006) ; and an overall steadily growing phase (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) .
Overall, the decoupling relationship between agricultural carbon emissions and economic output was dominated by weak decoupling during the study period. This suggests that Henan province achieved some success in reducing carbon emissions from the agriculture industry. The development of agricultural economic efficiencies is the main driving factor of the growth of agricultural carbon emissions. In particular, agricultural labor productivity (per capita agricultural output) significantly promotes an increase in carbon emissions. The influence of agricultural labor productivity fluctuated significantly; however, the overall carbon emissions caused by agricultural labor productivity tended to gradually decrease. In addition, the farming-animal husbandry carbon intensity had the strongest inhibitive effect on carbon emissions growth. During the study period, farming-animal husbandry carbon intensity caused cumulative carbon emissions of up to −12.2525 million tons. This results in an annual contribution of −0.7658 million tons, which is −8.38 times the cumulatively increasing carbon emissions. The growth in the labor factor contributed to the decline in agricultural carbon emissions, at an average rate of 0.2794 million tons per year. During this period, the agricultural structure factor cumulatively cut 0.4568 million tons of carbon emissions, reflecting a minimal impact on reducing carbon emissions.
